We have calculated the intrinsic magnetic moment of a photon through the intrinsic magnetic moment of a gamma photon created as a result of the electron-positron annihilation with the angular frequency ω. We show that a photon propagating in z direction with an angular frequency ω carries a magnetic moment of µz = ±(ec/ω) along the propagation direction. Here, the (+) and (−) signs stand for the right hand and left circular helicity respectively. Because of these two symmetric values of the magnetic moment, we expect a splitting of the photon beam into two symmetric subbeams in a Stern-Gerlach experiment. The splitting is expected to be more prominent for low energy photons. We believe that the present result will be helpful for understanding the recent attempts on the Stern-Gerlach experiment with slow light and the behavior of the dark polaritons and also the atomic spinor polaritons.
Introduction
In an earlier study [1] , we calculated the intrinsic quantum flux of a photon through the intrinsic quantum flux of the gamma photons created as a result of the electron-positron ( e − -e + ) annihilation. By using the flux conservation rule, which is an element of the conservation of the canonical angular momentum, we find that each gamma photon carries a magnetic flux quantum of 0 hc e ±Φ = ± with itself along the propagation direction. Here, the (+) and (−) signs stand for the right and left hand circular helicity respectively. The aim of the present work is to calculate the magnetic moment of any photon through the magnetic moment of a gamma photon and to find a unique relation between the intrinsic fluxes and the magnetic moments of electron, positron and photon.
The first experiment about the magnetic moment of a photon was done in 1896 by Zeeman [2] , who discovered the spectral lines from sodium. When it was put in a flame, the light emitted was split up into several components in a strong magnetic field. A long period after Zeeman, experimental attempts about photon's magnetic moment through the Stern-Gerlach experiment (SGE) with photons have started recently by Karpa et al. [3] - [5] .
SGE was devised in 1922 to show that electron had a non-zero magnetic moment [6] and later it was also extended to the nuclei [7] . In general, in the SGE the magnetic field gradient serves as a detector for the particle's magnetic moment vector: If the magnetic field is a non-uniform field along the z direction such as µ is called the Bohr magneton. Because of the negative charge of the electron, the relation between spin and the magnetic moment is set as
( )ẑ
where g is the Lande-g factor which is equal to 2 and S  is the spin angular momentum vector. So in the SGE with electron, the z component of spin ( ) z S takes only two possible values which are:
then the spin-down electrons will be deflected upward while the spin-up ones will be deflected downward. Similarly if we have SGE with a positron beam, because of the positive charge, the spin-down positrons will be deflected downward while the spin-up ones will be deflected upward. But when it comes to the gamma photons, which are the composite particles made up of an electron and a positron, the direction of the deflection is determined by the sign of the
Therefore, the magnetic moment of the gamma photon is an important property and it needs to be calculated in detail. We have calculated the magnetic moment of a photon through the magnetic moment of a gamma photon and found that the z-component of the magnetic moment is equal to ( )
where ω is the angular frequency of photon. Here, the (+) and (−) signs correspond to the right and left hand circular helicity respectively. We have also found a unique relation between the intrinsic fluxes and the magnetic moments of the particles such as electron, positron and the photon. We show that for all these three particles the unique relation between the intrinsic fluxes and the magnetic moments is given by: ( ) We argue that any photon propagating in z direction with an angular frequency ω will have a non-zero magnetic moment of ( ) z ec µ ω = ± depending on the helicity. Since the intrinsic flux of a general photon is 0 hc e ±Φ = ± ; then for a general photon the relation between the intrinsic flux and the magnetic moment will be ( ) 2 z h e ω µ Φ = as well. Because of the two symmetric values of the magnetic moment of a photon, we expect a splitting (deflection) of the beam into two symmetric subbeams in a Stern-Gerlach experiment. We also expect that the splitting will be more prominent for lower energies. We believe that the present work will help to understand the Stern-Gerlach experiment of photons [3] - [5] in detail. In the theoretical side, the present work will bring a new insight to quantum mechanics as well.
Electron-positron ( e − -e + ) annihilation process has been known for almost about 75 years [8] - [16] . After the collision, we have two gamma photons with the same energy but with different helicities. In this collision, we have the conservation of charge, energy, linear momentum and the conservation of the canonical angular momentum which requires the conservation of the total quantum flux and the total magnetic moments. Magnetic flux quantization has been known for more than 60 years [17] [18] . Saglam and Boyacioglu [19] , with a semiclassical method, calculated quantized magnetic fluxes through the Landau orbits of an electron including the effect of the spinning motion. They show that the spin contribution to the quantized magnetic flux is equal to In Appendix II, we introduce the conservation of the quantum flux in collisions: We write the Lagrangian of an electron moving in a uniform magnetic field in z direction then calculate the z-component of the conserved canonical angular momentum J c which has two elements: The conservation of the kinetic angular momentum and the conservation of the magnetic flux. Therefore in the electron-positron annihilation, the conservation of the canonical angular momentum requires both conservation of the spin angular momentum and the conservation of the quantum flux which is originated from the intrinsic fluxes of ( ) e − and ( ) e + . We also show that the conservation of the quantum flux can be replaced by the conservation of the magnetic moments as well.
The outline of this paper is as follows: In Section 2, we derive the relation between the intrinsic fluxes and the magnetic moments of electron and positron. In Section 3, we calculate the magnetic moment of photon. In Section 4, we give the conclusions.
The Relation between the Intrinsic Fluxes and the Magnetic Moments of an Electron and Positron
The definition of the spin magnetic moment vector ( ) 
Here, g is the Lande-g factor which is equal to 2 for both particles and S  is the spin angular momentum. Depending on the spin orientation, the z-components of the magnetic moments for spin-up and down electron are: In Appendix I, we calculate the intrinsic fluxes of ( ) 
Calculation of the Magnetic Moment of a Photon
To calculate the magnetic moment of a photon, our starting point will be the electron-positron annihilation process ending with the creation of two gamma photons with right and left hand circular helicities. After the collision we will have two photons with the same energy 
where 1 S , 2 S are the spin vectors and J is the exchange integral. If we had two electrons instead, the exchange energy together with the Pauli exclusion principle requires that the spins of the electrons must be antiparallel. But for colliding ( e − , e + ) system, the minimum energy is obtained for parallel spins. Therefore just before the collision the total z-component of the spin of the colliding ( e − , e + ) system will be 1 ± . That means there are two possibilities:
a) The electron is in spin-down state and the positron is in spin-down state.
b) The electron is in spin-up state and the positron is in spin-up state. In Dirac notation, the states (a) and (b) can be defined as: 
where 1 S and 2 S are the spins of electron and positron respectively. Since the states (a) and (b) are equally probable, the total wave function i Ψ before the collision will be given by:
( ) 
where we used Equations (9a), (9b). The total wave function, f Ψ of the system after the collision, will correspond to another entanglement of the states e − ↓ , e + ↓ , e − ↑ and e + ↑ provided that the total z-component of the spin of the final state is again zero. The only possible entanglement that results in zero spin is given by:
( ) respectively. As we calculated in Equations (9a), (9b), the expectation values of the total z-components of the spin
for the eigenstates a φ′ and b φ′ of Equation (13) 
The expectation value of z S ∑ for the final state f Ψ in Equation (12) is:
where we used Equations (14a) and (14b).
If we compare the expectation value of z S ∑ before and after the collision [Equation (11) and Equation (15)], we see that the conservation of the spin angular momentum is fulfilled. However, in Appendix II we show that the conservation of the canonical angular momentum requires also the conservation of the flux quantum or the magnetic moments as well (because of the relation given in Equation (6) the conservation of the flux quantum will be equivalent to the conservation of the magnetic moments). Now using the Equations (2a)- (3b) 
If we compare the expectation value of z µ ∑ for the initial state and the final state Equations (17a), (17b), we see that conservation of the total magnetic moment is also fulfilled. Therefore, the electron-positron annihilation resulting with the creation of two gamma photons simply corresponds to the transition from the initial entangled state i Ψ given by Equation (10) to the final entangled state f Ψ given by Equation (12). As we stated above, the final state wave function given in Equation (12) 
which must be true for any photon also. Namely a photon propagating in z direction with an angular frequency ω carries a magnetic moment of µ z = ± (ec/ω) along the propagation direction. Here, the (+) and (−) signs stand for the right hand and left circular helicity respectively.
Conclusions
We have calculated the intrinsic magnetic moment of a photon through the intrinsic magnetic moment of a gamma photon created as a result of the electron-positron annihilation with the angular frequency ω. We show that a photon propagating in z direction with an angular frequency ω carries a magnetic moment of µ z = ± (ec/ω) along the propagation direction. Here, the (+) and (−) signs stand for the right hand and left circular helicity respectively. We have also found a unique relation between the intrinsic fluxes and the magnetic moments of the particles such as electron, positron and the photon as well. We show that for all these three particles the unique relation between the intrinsic fluxes and the magnetic moments is given by:
( ) Since for a photon µ z is inversely proportional to the angular frequency ω, a lower frequency implies a higher magnetic moment. Therefore in the first experiment done by Zeeman [2] in 1896, yellow light of sodium which was in the low frequency range of the optical spectrum was a right choice for that purpose. On the other hand although we used gamma photons to calculate the magnetic moment of a photon, we believed that a Stern-Gerlach experiment (SGE) with gamma photons was almost impossible as we had an extremely high frequency. Because of these two symmetric values of the magnetic moment, we expect a splitting of the photon beam in two symmetric subbeams in a Stern-Gerlach experiment. The splitting is expected to be more prominent for low energy photons. We believe that the present result will be helpful for understanding of the Stern-Gerlach experiment with photons [3] - [5] and also the behavior of the dark polaritons and the atomic spinor polaritons which is useful for the storage of the photonic qubits in a single atomic ensemble. A more complete work will be presented in the future. 
Appendix I: Calculation of the Intrinsic Quantum Fluxes of Electron and Positron by Dirac Equation
To calculate the intrinsic quantum flux of a relativistic free electron in a uniform magnetic field within the framework of Dirac theory, we shall follow a similar way that we followed earlier [20] : Namely, we shall first calculate the quantum flux through the probability current (particle current) density associated with the wave function of a free Dirac electron in a uniform magnetic field, then connect it to the flux element To calculate the total induced quantized magnetic fluxes for spin-up and spin-down electrons, we substitute the wave functions of e − ↑ and e − ↓ states separately from Equation (AI-1) and Equation (AI-2) in Equation (AI-7): the spin dependent induced fluxes take the forms: (AI-9d)
